The bound vibrational levels for J = 0 have been computed for the series of alkali-metal hydride molecules from LiH to RbH, including NaH and KH. For all four molecules the corresponding potential-energy curves have been obtained for each isolated species and for its positron-bound complex ͑e + XH͒. It is found that the calculated positron affinity values strongly depend on the molecular vibrational state for which they are obtained and invariably increase as the molecular vibrational energy content increases. The consequences of our findings on the likelihood of possibly detecting such weakly bound species are briefly discussed.
I. INTRODUCTION
Because of the special properties of the antiparticle of the electron, i.e., the positron, its study at the molecular level in molecular environments has been slower to come by, both at the level of experimental reliability and of theoretical and/or computational feasibility ͑for a recent review see ͓1͔͒. The corresponding comparative analysis of the behavior of the two leptons in molecular gases has also recently provided a great deal of insight into what one can expect to happen when a slow beam of positrons interacts with molecules in the gas phase ͓2͔. We know, in fact, that a slow electron can interact with the molecular field and could be trapped by it, thereby forming an initial resonant state that can decay into a possible bound anionic state as one of the various channels opens to its evolution ͓3͔. It can, therefore, be speculated that the positron may also undergo a similar process and may, therefore, be able to bind to a molecule and form a stable positive molecular ion before decay either by annihilation or by molecular fragmentation ͓4͔. On the other hand, there is still no direct experimental confirmation that a positron could be bound to a molecular partner. One of the crucial differences when contrasting atoms with molecules as possible sources of cationic species by positron impact is obviously given by the presence of the nuclear motions in the latter partner as opposed to the former. It is also well known, however, that positrons find a rather hostile environment in molecular systems, where the strongly repulsive nuclear regions ͑albeit screened by the bound electrons͒ are not entered ͑classically speaking͒ by the lepton which chiefly interacts with the outer rim of the molecular charge distribution ͓5͔, and therefore might form rather diffuse bound states through polarization-correlation forces. This is one of the reasons why both experiments and theory ͓6͔ have found that molecules are not efficiently excited vibrationally during the impact by low-energy positrons. However, because the longrange ͑LR͒ interaction region often allows for the presence of the reactive channel of Positronium ͑Ps͒ formation, then it is reasonable to expect that upon positron attachment to a molecule, or upon threshold resonance processes at vanishing collision energies ͓7͔, the molecular geometry could become distorted and therefore affect the balance involved in determining positron affinity ͑PA͒ values for gaseous molecules.
The present study intends to show, in fact, how the vibrational structures of simple diatomics such as the alkali-metal hydrides are modified upon positron attachment and therefore exhibit marked changes in the values of their PAs as a function of the molecular vibrational content. Diffusion Monte Carlo ͑DMC͒ computational studies on annihilation rates of positrons with LiH molecules have been carried out before ͓8,9͔ for different nuclear geometries and will be compared below with the present findings.
The following section summarizes our calculations of the vibrational levels while Sec. III reports our results for the calculated PA values and other positron complex characteristics. Finally, Sec. IV draws our current conclusions.
II. MOLECULAR VIBRATIONAL STRUCTURES
The calculations of the total, Born-Oppenheimer ͑BO͒ electronic energies for the series of molecules we are analyzing in the present work ͑LiH, NaH, KH, RbH͒ have been discussed in great detail in a recent paper ͓10͔ and therefore we will not repeat here their description. Suffice to say that all calculations were at the post-Hartree-Fock level and were carried out using a multireference single-and doubleexcitation configuration interaction ͑MRD-CI͒ approach that employs a new computational code which makes use of the Table-Direct-CI method ͓11,12͔ for the construction of the required Hamiltonian matrix elements and electron and/or positron bound wave functions. The range of nuclear geometries which were considered varied from R min = 1.50 to R max = 12.0 bohr for the LiH molecule and from R min = 1.50 to R max = 14.0 bohr for the e + LiH complex. Likewise, the radial ranges for NaH and e + NaH went from R min = 2.00 to R max values of 12.00 and 15.00 bohr, respectively. The KH and e + KH molecules were also calculated from R min = 2.00 and 2.50 to the R max values of 20.00 and 15.00 bohr, respectively. Finally, the calculations for the RbH and e + RbH molecules ranged from R min = 2.50 and 3.00 bohr to the R max values of 25.00 and 15.00 bohr. The corresponding values of the potential minima are given by Table I , where the quality of the employed basis set is that defined earlier on as the "FCI core" choice ͓8͔. The results for LiH and e + LiH are very close to those given by Ref. ͓9͔. Here again we do not wish to discuss the quality of the selected basis set for generating the different potential energy curves ͑PECs͒, since this discussion was already the subject of the work reported by Ref.
͓10͔, while we want to stress that the results of Table I clearly indicate a marked bond deformation upon positron attachment to all four title molecules. This deformation effect, which can be related to the "bond dilution" consequences of Ps formation within the molecular bound elec- trons, plays a significant role as one increases the vibrational content of the molecule bound to the e + partner, the object of the present study.
The final potential energy curves for all four systems, and for their positron-bound complexes, have been spline-fitted and employed to generate the J = 0 vibrational bound states using the LEVEL computer code ͓13͔, over a very dense radial grid and stabilizing the final results with respect to both the radial range of the PES employed and the grid density of radial values selected in the integration.
Tables II-V report, for all four systems, the distributions of the vibrational levels and their respective energy spacings ⌬E . Each table shows the level spectrum for the isolated molecule and for its complex with the positron. The following considerations could be readily made.
͑1͒ The number of bound states decreases when going from LiH to RbH, indicative of the corresponding reductions of the well depths that vary from about 20 000 cm −1 for LiH to about 18 000 cm −1 for RbH, while the reduced mass only slightly increases from Li to Rb.
͑2͒ The complexes with one positron bound to a molecule also show marked variations in going from LiH to RbH: each complex is thought of as having the alkali-metal ion as one of the asymptotic partners, with the corresponding formation of a Ps compound bound to a hydrogen atom: X + +HPs ͓10͔. The corresponding well depths thus decrease from about 9 000 cm −1 for e + LiH to about 1 700 cm −1 for e + RbH.
͑3͒
The spacings between vibrational levels are also seen to depart from harmonicity for the PECs associated to the complex more quickly as the quantum number increases than in the cases where the isolated molecule is considered. This difference will be seen below to play an important role in our discussion of the PA dependence on the target vibrational quantum state. For the case of LiH and e + LiH the vibrational spacings we found are within a few percent of those obtained in Ref. ͓9͔ using DMC calculations. To make the present analysis pictorially more transparent, we report in Fig. 1 the potential-energy curves for the four XH systems ͑solid lines͒ and below each of them the corresponding curves for the e + XH complex. The corresponding lower vibrational levels for each couplet of curves are shown at their relative locations for each system. One clearly sees there that the coupling between each set of states strongly depends on the system in the sense that the initial, = 0 state of each XH hydride overlaps in energy with a different region of vibrational states of its complex with e + . One consequence of this situation could be better gleaned when looking at the Franck-Condon ͑FC͒ factors between each XH͑ =0͒ initial state and all possible final vibrational states of the corresponding e + XH complex. These factors are reported specifically by Table VI. It is clear that the largest probability given by the FC factors indicate the lowest vibrational level of the e + XH complex to be the most probable for LiH, while NaH shows similar values up to = 2, KH indicates to form its complex more likely in the = 1 and 2 levels, and RbH suggests that a vibrationally excited complex state is definitely more likely to occur than its ground vibrational state.
III. THE POSITRON AFFINITIES
In terms of the simplest thermochemical view, one can define the binding energy of one positron to the neutral XH partner as the PA,
where both calculations correspond to the optimized, classical nuclear geometries of the isolated alkali-metal hydride and of its complex with the positron, respectively. On the other hand, one can also refine the above definition by further including the zero-point-energy ͑ZPE͒ corrections and by considering the involved species in their respective ground vibrational levels =0,
By the same token, one could consider the effects of having vibrationally "hot" molecules during the complex formation by further defining a PA value explicitly dependent on the quantum vibrational state of the positronic complex, with the condition that the quantum number remains the same after positron attachment. In other words, a partially adiabatic process is considered in which the complex undergoes geometry relaxation after positron attachment but retrains the same FIG. 1. Potential-energy curves for all the four alkali-metal hydrides and for their positron complexes, ͑a͒ LiH, ͑b͒ NaH, ͑c͒ KH, and ͑d͒ RbH. The energy is set to zero for the neutral species at its equilibrium geometry. The lower vibrational levels are shown for both sets of curves. quantum number as in the neutral target molecule with which the positron was originally interacting,
Finally, since the positron is a light particle, it is also interesting to evaluate the positron affinity in the Born Oppenheimer framework, i.e., within the picture of an immediate positron attachment to the alkali-metal hydride molecule at a given geometry, modulated by the vibrational wave function of the initial system before the relaxation process starts to take place, i.e., define PA BO ͑͒ as given by
The above variety of slightly different definitions of the positron affinity value in the gas phase could therefore, help us in shedding more light on the molecular mechanism of the positron attachment to a given partner and on the possible role played by the vibrational energy content of the gaseous molecule. The results from the calculations in Eqs. ͑1͒, ͑2͒, and ͑4͒ with = 0 are shown in Table VII .
It is interesting to see that to go from a simple, fixed nuclei ͑FN͒ treatment, where only the classical geometries of the isolated molecule and of the complex are taken into consideration, to a more realistic physical picture where ZPE corrections are included already provides a significant modification of the PA values: The binding of the positron to the molecule becomes more stable by more than 3.0% in LiH and by about 2.5% for the RbH system. The opposite trend shown by the Born Oppenheimer energies is easily explained by the increasing separation of the potential-energy minima of the XH and e + XH curves, the latter becoming increasingly more difficult to reach from within the subspace of nuclear geometries covered by the vibrational ground state of XH. These findings present an interesting result since they tell us that the vibrational structures of the partner molecules get distorted upon attachment of the positron and are likely to markedly modify their corresponding force constants. This result has been suggested before from dynamical calculations which approached a similar problem from the positive energy range near thresholds ͓7͔, where it was found that positron scattering from vibrationally excited CH 4 and C 2 H 2 gases gives rise to resonant features due to a virtual state formation between the molecules and the impinging positron. The latter state is often referred to as a "bound" state of zero energy.
The stabilization effects caused by the vibrational energy inclusion in the PA calculations can be further assessed by examining the behavior of the computed positron affinities along the vibrational ladder of the partner molecule. We have considered, for simplicity, only a portion of the vibrational states and have not reported the actual numerical values for the higher vibrational levels close to dissociation. For such levels, in fact, the LR part of the interaction potential plays a crucial role and therefore the corresponding bound vibrational levels become very sensitive to those features of the interaction.
Furthermore, we have also omitted consideration of a process involving full vibrational relaxation of the target molecule upon complex formation. This is certainly a possible process but it requires a more extensive motion of the nuclei during the time scale of the positron attachment and therefore we expect it to happen more slowly than the electronic rearrangement which follows positron attachment. In other words, we do not consider the possible dynamics that may lead to target vibrational de-excitation but rather the sudden attachment of e + to an already vibrationally excited molecular partner.
The results of Table VIII are also rather unexpected in that they unequivocally indicate a marked increase of complex stablization as the molecule increases its vibrational energy content, although we do not see from the above the preferential likelihood for each transition as guided by the corresponding size of the FC factor between the initial vibrational level of the isolated XH molecule and the final level reached in the complex e + XH. In particular, we see that the lightest molecular partner, the LiH target, shows a steady increase in the value of its PA͑͒ with ⌬ = 0 by more than 40 times from the =0 to the = 17 vibrational levels. By the same token, the NaH hydride increases this PA value by nearly 30 times in going from =0 to = 14. The behavior of KH and RbH is less marked because their complex structures indicate shallower PECs and therefore support fewer vibrational bound states. On the other hand, they both indicate rather substantial stabilization effects on their PA values when vibrationally excited molecular partners are considered.
Another, more pictorial way of presenting the calculations is given by Fig. 2͑a͒ for all four systems considered here: we report in that figure the dependence on the vibrational quantum state for each alkali-metal hydride of their scaled PA͑͒ values of Eq. ͑3͒. The scaling is introduced to show more clearly the different gradient values exhibited along the series of molecules, and is obtained by dividing each set of PA͑͒ values for the corresponding ground-state value, i.e., for the PA͑ =0͒ values of Table VII. The BornOppenheimer-type quantities are also shown in Fig. 2͑b͒ for comparison. There is a grouping trend between the Li and Na curves on one side, and K and Rb curves on the other side. A similar trend is also seen in the behavior of dipole moments averaged over vibrational numbers , which are given in Fig.  3 .
One clearly sees from Fig. 2͑a͒ that the stabilization effects behave linearly for low values while they acquire a quadratic dependence for the larger vibrational quantum states of LiH and NaH. The linear coefficients also increase along the series of molecules and we can obtain from them an average gradient along each series, i.e., the average stabilization increment when the molecules increase their vibrational quantum numbers by one unit. The values of such unit increments are reported in Table IX for the present series of alkali-metal hydrides.
It is interesting to note that the values in Table IX increase along the series, as expected, and further are rather close to twice the stabilization values induced by the inclusion of the ZPE correction given in Table VI . This means that the vibrational structures are close to being harmonic, at least qualitatively, and therefore the above gradients of the dependence mainly describe the effects of the almost harmonic oscillator energy ladders in the partner molecules. Predominantly harmonic behavior can also be seen in the stabilization series of Born-Oppenheimer-type positron affinities of Table VIII . Finally, let us note that the electronic and positronic densities averaged over the vibrational of alkalimetal hydride molecules are quite stable for the lowest vibrational levels and can be well approximated by the quantities at equilibrium geometry. Figure 4 demonstrates this finding in the case of LiH where one sees rather dramatically the complementary locations of electron and positron densities over the molecular nuclear regions.
IV. PRESENT CONCLUSIONS
In this work we have analyzed in some detail the possible effects of the nuclear motion ͑vibrational dynamics͒ on the molecular mechanism of positron attachment to simple diatomics such as the alkali-metal hydrides. We have carried out electronic bound state calculations at the MRD-CI levels, described in detail in the work of Ref. ͓10͔, for both the isolated molecules and the complexes with a positron bound to each molecule. From those calculations we have further generated the corresponding ground-state PECs, for both species and out to very large distances close to dissociation. All calculations have been further extended into the highly repulsive PEC regions of the short internuclear distance, as described in Sec. II. As also described earlier in Ref. ͓10͔, the diabatic dissociation of the more stable XH electronic state leads to X + H asymptotic partners, while the positronic complex follows ionic dissociation with Ps formation on the H − fragment: X + + HPs. This is an important feature that explains the corresponding differences between PECs in the location of their energy minima, the R eq geometries of Table  I , and the differences between spacings among vibrational bound states within each PEC for J = 0, as we further discuss in Sec. III.
The calculations of ZPE corrections clearly indicate a marked stabilization effect on the PA values with respect to those obtained from FN calculations at equilibrium geometries. This is the first of our present results which helps to provide us with a better understanding of the molecular positron-attachment mechanism: the bond dilution effects occurring upon Ps formation at the H − side of the molecule and the "through-bond" polarization effects towards the X + fragment as the bonds stretch ͓14͔ help to modify, in qualitative terms, the force constants of the diatomic upon e + attachment and therefore cause marked differences between the vibrational ladders of XH and of e + XH. Such an effect is also seen from our calculations to be strongly dependent upon the vibrational quantum state of the molecular partner: this is, therefore, the second result from the present study, where we have shown that there is a strong stabilizing effect of the ͑⌬ =0͒ PA values when the partner molecule is taken to be vibrationally excited and that such stabilizing effects increase along the series from LiH to RbH. This result is in keeping with our recent scattering calculations of simple hydrocarbons ͑C 2 H 2 , C 2 H 4 , and C 2 H 6 ͒ ͓15͔, where we have shown that marked bond deformations are directly causing transient bound state formation and can enhance annihilation efficiency in such gases.
The present calculations, therefore, suggest that the vibrational content of the partner molecule, even in the case of simple diatomics, has a very strong effect on the PA value exhibited by the molecular gas and that one could achieve very marked stabilization effects if the ambient gas is "prepared" as a vibrationally excited partner during the positronattachment experiment. Given the fact that no direct experimental evidence exists as yet for positron binding to a molecular partner, it is of interest to see from our present computational experiment that such a process could be made more likely to occur if the ambient gas were to be also vibrationally "hot." Such an effect is expected to be even more evident in the case of larger, polyatomic gases where a much higher density of vibrational levels means that the enhancements seen here would be more easy to achieve experimentally and could possibly provide an interesting option for positron binding detection in molecular gases. It would also be likely, in such polyatomic targets, that the final "positronated" species could partially relax to a different vibrational energy content after positron attachment.
We have also presented the series of XH dipole moments averaged over vibrational wave functions of the neutral complex. We note that all alkali-metal hydrides have an overcritical value of dipole moments and could thus support, in principle, an infinite number of bound positron states if only the charge-dipole interaction potential was considered ͓16͔. Such a dependence is of general interest, although one should remember that the physical existence of the alternative dissociation channel ͑X + +PsH͒ is not considered by the analytic model ͓16͔, and therefore no physical infinity of states is likely to occur. It is also worth noting that the electronic and positronic densities at R eq and for = 0 practically coincide, and their dependence is rather small for low vibrational numbers, as demonstrated in this paper: it tells us that separation of charges only starts to occur as the e + XH complex becomes vibrationally excited, and that the charge densities computed at R eq may well approximate those of the low vibrational states of the molecule.
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